Artificial joint replacement surgery is the orthopedic procedure of choice to relieve pain, correct joint deformities, and help patients resume everyday activities. However, the detailed mechanisms regulating peri-implant bone remodeling at the bone-prosthesis interface remain elusive. To address this gap in knowledge, we evaluated the natural postoperative course of bone metabolism by using [ 18 F] NaF positron emission tomography (PET)/computed tomography in 57 patients (104 joints) who underwent asymptomatic total knee arthroplasty (TKA). First, we measured total tracer uptake around TKA to determine the total bone metabolism (TBM) and used the ischial tuberosity as the reference tissue for normalization of PET images. Second, we calculated the TBM ratio (TBMR) by dividing the TBM by tracer uptake in the reference tissue. A moderate increase in TBMR was observed 4 -5 days after implantation, and its intensity reached the maximum on the seventh postoperative day. The TBMR showed no differences until 12 weeks, after which it decreased slowly and returned to the basal levels. The new parameter TBMR and the unique pattern of postoperative metabolic changes in the bone around the prosthesis may help set accurate interpretation criteria to diagnose complications such as loosening or infections.
Introduction
Total joint arthroplasty is a surgical procedure in which parts of an arthritic or damaged joint are removed and replaced with a metal, plastic, or ceramic device called prosthesis. The prosthesis is designed to replicate the movement of a normal, healthy joint. Total knee arthroplasty (TKA) as well as total hip arthroplasty (THA) is the most commonly performed joint replacement procedures, although replacement surgery can be performed on other joints as well, including the shoulder, elbow, wrist, and ankle.
Knee replacement surgery was first performed in 1968, according to the American Academy of Orthopaedic Surgeons [1] . Since then, strong efforts have been made to improve the design and material properties of prostheses. In addition, advancements in surgical techniques, such as minimally invasive and muscle-sparing approaches, have greatly increased the effectiveness of this technique. A recent study reported that TKA is one of the most successful procedures in medical practice, and the literature contains a number of reports describing prosthesis survival rates of more than 90% at the 30-year follow-up examination [2] . However, there is also a non-zero chance of recurring pain after TKA due to complications such as infections or loosening.
Nuclear medicine is a branch of medical imaging that uses small amounts of radioactive material to diagnose and determine the severity of or treat a variety of diseases, including many types of cancers, heart disease, gastrointestinal, endocrine, and neurological disorders, and other abnormalities within the body.
Since nuclear medicine procedures can pinpoint molecular activity within the body, they offer the potential to identify disease in its earliest stages as well as show the patient's immediate response to therapeutic interventions.
[ 99m Tc] MDP bone scintigraphy is a frequently used radionuclide bone imaging technique, primarily due to its widespread availability. It can help diagnose a number of bone conditions, including metastasis of bone tumors, bone infection, and the location of bone inflammation and fractures. However, more recent reports have raised doubts over the previously reported effectiveness of bone scintigraphy, probably because its spatial resolution and sensitivity are lower than those of other diagnostic imaging techniques, including computed tomography (CT) and magnetic resonance imaging (MRI) [3] .
Positron emission tomography (PET), which is noninvasive and usually painless with the exception of the intravenous injection, uses a positron emitter, a scintillator to detect annihilation photons, and a computer to help physicians diagnose and evaluate biochemical and physiological conditions. By providing molecular information, PET may identify body changes at the cellular level and detect the early onset of disease before it is evident on other imaging tests. At present, almost all PET scanners are combined with CT scanners to produce fused images and to perform various corrections using CT information. The combined PET/CT scans, therefore, provide images that pinpoint the anatomic location of abnormal metabolic activity within the body. These combined scans In 2016, Son et al. [4] firstly reported the visual and quantitative analysis of [ 18 F] NaF uptake after joint replacement. In their study, however, the interval between the surgery and the scan was from 3 to 25 months; [ 18 F] NaF PET analysis was not performed within 3 months and after more than 25 months after the surgery. In this study, we investigated the tracer uptake not only within a week but also after more than 3 years after implantation to further investigate the utility of [ 18 F] NaF PET/CT bone scans and the natural postoperative course in asymptomatic patients following joint replacement surgery. Hospital and Institute of Gerontology, and all subjects gave their informed consent to participate in the study. 
Materials and Methods

Patient Population
[ 18 F] NaF PET/CT Imaging
[ 18 F] NaF PET/CT Image Analysis
First, the PET images were evaluated visually, after which the serial changes in tracer uptake were analyzed quantitatively based on the volume of interest (VOI) automatic isocontour method. All image processing procedures and measurements were performed using AW VolumeShare 7 (GE Healthcare, Milwaukee, WI, USA). For each image, the CT images were used for gross localization of bones and placement of the VOI for any given region. The average reference uptake value was calculated from two reference uptake values measured by two spherical VOIs placed at the ambilateral ischium. A three-dimensional cuboid around the prosthesis was systematically generated using AW VolumeShare 7 by specifying a length with the x, y, and z axis directions. In this study, the total VOI was 13 × 13 × 18 cm. Automatic isocontour detection was then used to refit the VOI around the prostheses by setting a threshold SUV of 4.0. For each contour, the SUV mean , SUV max , and SUV peak were measured.
Measurement of Metabolic Bone Volume and Total Bone Metabolism on [ 18 F] NaF PET/CT
Metabolic bone volume (MBV) was determined with a threshold SUV of 4.0.
The contouring margins around the prostheses were automatically produced by the isocontour method. MBV was expressed as a volume (cm 3 ) containing an SUV intensity equal to or greater than 4.0. Total bone metabolism (TBM) was calculated by multiplying the SUV mean value by the MBV. The TBM corresponds to the bone-forming activity in the entire area around the TKA.
Statistical Analysis
Inter-subject variability of SUV Right-IschialTuberosity and SUV Left-IschialTuberosity was analyzed in the whole patient group; for patients with two PET scans, only the first scan was used (N = 69). Intra-subject variability of SUV IschialTuberosity , which was the mean value of SUV Right-IschialTuberosity and SUV Left-IschialTuberosity , was analyzed in a subgroup of 16 patients that underwent two scans on separate days. Inter-and intra-subject variabilities were assessed as standard deviation (SD) of the distribution of the respective SUV.
Results
Patient Characteristics
Seven ( 
Visual Evaluation of [ 18 F] NaF Distribution around TKA
First, qualitative visual evaluation of tracer distribution was analyzed. One patient who had undergone left TKA four years previously was evaluated just before right TKA. As shown in Figure 1 the uptake intensity on POD 7 appeared to be similar to that on POD 25 ( Figure   3 ), suggesting that the uptake intensity reached the highest level 7 days after surgery and that the peak activity remained unchanged at least for approximately one month subsequently. 
Quantitative Evaluation of Tracer Distribution around TKA
To evaluate the postoperative osteometabolic changes around the TKA, [ 18 F] NaF parameters such as the maximum standardized uptake value (SUV max ), peak standardized uptake value (SUV peak ), and MBV were calculated. The SUV max is commonly used as a semiquantitative parameter in PET/CT studies and is valuable for diagnosis of various diseases and therapeutic responses. More recently, the SUV peak , which is defined as the mean tracer uptake within a spheric 1-cm 3 region around the area with the highest SUV, has been used to serve as a more reproducible parameter of maximum lesional uptake [6] . In addition, the MBV, obtained with a threshold SUV of 4.0 on 3D PET-CT images, is a possible indicator for response assessment of osteometabolic activity around TKA. Quantitative analysis of SUV max , SUV peak , and MBV during the natural postoperative course showed that the SUV max , SUV peak , and MBV increased with time over the first 7 days after the arthroplasty, reaching the highest levels on POD 7 -60 (7 -60 days after implantation), and returned to the basal level after 1 year (Figure 4 ). . There seemed to be no significant difference in NaF uptake between the two scans. (c) X-ray AP view of both knee joints in standing position just after left TKA. (d) Two years after staged bilateral TKA, both knees showed normal patterns of physiologic uptake of [ 18 F] NaF.
Ischial Tuberosity as the Reference Region for Normalization of NaF PET Images
To reduce inter-and intra-scanner differences in the NaF PET scans obtained the femoral head, and complications of joint prostheses. In this study, we focused on the ischial tuberosity as a reference region for normalization of PET activity ( Figure 5(a) ). The ischial tuberosity is a strong widening of the bone on either side of the frontal portion of the ischium, the lowest of the three major bones that make up each half of the pelvis. Since the ischial tuberosity is sur- Quantitative evaluation revealed a high correlation between the mean SUVs 
Measurement of Total NaF Accumulation around TKA Normalized to the Reference Tissue
Semiquantitative parameters such as the standardized uptake value ratio (SUVR) require normalization of the radiotracer activity to a reference tissue to allow monitoring of changes in tracer accumulation [7] . Here, we measured total tracer uptake around TKA as TBM, which is calculated by multiplying the SUV mean by the MBV 4.0 . Furthermore, we also determined the TBM ratio (TBMR), which is normalized by dividing the TBM by tracer uptake in reference tissue. As shown in Figure 6 , TBMR showed a time-dependent increase for the first 7 days after implantation and then remained at the highest level throughout the first 2 months. Thereafter, it gradually declined to the basal levels.
Discussion
In this study, we performed both visual and quantitative evaluation of the bone metabolic activity and investigated natural post-operative serial changes in uptake intensity (SUV max , SUV peak , MBV, TBM, and TBMR) during the period spanning from within a week to more than 3 years after surgery.
To date, 99m Tc has been the standard bone imaging radiopharmaceutical agent for bone scintigraphy, which has been utilized for oncological evaluations and has been considered to be a routine procedure for the assessment of bone involvement for many decades. The 18 F-fluoride ion ([ 18 F] NaF) was introduced as Figure S1 ). In addition, [ 18 F] NaF PET/CT studies are more convenient for patients because the scanning time is less than that with conventional [ 99m Tc] MDP studies. Furthermore, NaF PET scans are also useful for assessing subtle changes in three-dimensional volumetric structures and for measurement of quantitative parameters. Hence, we believe that [ 18 F] NaF PET would eventually replace conventional bone scintigraphy for the assessment of bone and joint abnormalities where PET scanners are available.
SUV max is a widely used quantitative parameter in 18 F-FDG PET, and other volume-based PET parameters such as the metabolic tumor volume (MTV) and total lesion glycolysis (TLG) are dependent on SUV max [9] . These PET parameters have limited effectiveness in terms of a straightforward assessment of metabolic characteristics, because various factors such as body weight, obesity, blood glucose level, and post-injection uptake time can affect the SUV max [10] . In addition, several studies have reported that the liver is widely used as a reference region [11] and that the tumor-to-liver ratio of FDG uptake is useful for predicting treatment responses in malignant patients [12] [13] [14] . In this context, we selected the ischial tuberosity as the reference region for normalization of NaF PET images, and we believe that the ischial tuberosity is an ideal reference region for bone PET scans ( Figure 5 ).
The uptake patterns found in our study show some differences from those found in previous studies [4] . Our study describes a gradual increase in bone-forming activity for the first 7 days after surgery. This bone metabolic response to implantation indicates the existence of an unknown mechanism that regulates the time-dependent biological changes at the bone-prosthesis interface. Since bone cement [15] was used in all knee arthroplasties in our study, one possible explanation for this response pattern is that cell death at the bone-cement interface may be induced by hyperthermia immediately after fixation of all the compo- Another possible hypothesis is that the mechanical loading in weight-bearing activities may be involved in bone metabolic activity around implants following surgery. Interestingly, we found a higher intensity of radiotracer uptake at the distal area and the posterior condyle area compared with that at the anterior flange area as a typical uptake pattern around the femoral components (data not shown). In general, mechanical loading in the knee, especially at the distal surface of the femur and posterior condyle area, is much higher than that at the patellar surface of the femur during three common daily activities: walking, ascending stairs, and rising from a chair. There is a possibility that the gradual up-regulation of bone-forming activity for the first 7 days after implantation might be due to earlier and more intensive physiotherapy exercise with full-weight-bearing following surgery. The time course of bone metabolic activity around shoulder prostheses, however, was similar to that of the bone-cement interface around TKA prostheses (data not shown), although the mechanical stress of the nonweight-bearing upper extremity is supposed to be less than that of the weight-bearing lower extremity. Those results suggest that mechanical stress does not appear to be involved in the typical time course of bone metabolic activity around knee prostheses.
Limitations to the widespread use of PET arise from the high costs of cyclotrons needed to produce the short-lived radionuclides for PET scanning and the need for specially adapted on-site chemical synthesis apparatus to produce the radiopharmaceuticals after radioisotope preparation. Thus, it is important for the patient to be on time for the appointment and to receive the radioactive material at the scheduled time. Late arrival for an appointment may require rescheduling the procedure for another day. These limitations should be overcome in the future.
Conclusion
Using NaF PET scans for the evaluation of peri-implant bone remodeling at the interface, we revealed the natural postoperative bone metabolic changes with time after TKA in asymptomatic patients. After arthroplasty, bone metabolic activity increased with time over the first 7 days, reaching the highest level on POD 7 -60, and then returned to the basal level thereafter. Another clinical significance of our work is that this is the first study providing information concerning the usefulness of the ischial tuberosity as a reference tissue. Furthermore, this study has shown that volume-based PET functional parameters such as TBM and TBMR can provide metabolic information regarding artificial joint prosthe- 
